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Introduction
Senescence is the final developmental phase of a leaf which starts with nutrient salvage and ends with cell death. The first visible event during senescence is leaf yellowing, which typically starts at the leaf margins and progresses to the interior of the leaf blade (Quirino et al., 2000) . The protein and RNA degradation parallels a loss in photosynthetic activity and the majority of the senescence processes have occurred by the time yellowing of the leaf can be seen (Buchanan-Wollaston et al., 2003) . The degradation products are transported out of the leaves to other parts of the plant. In this sense, the senescing leaf continues to function as a source of nutrients to the whole plant, but at the expense of its own ability to survive (Bleecker and Patterson, 1997) .
Senescence is under genetic control and requires differential expression of specific genes. Expression of photosynthesis-associated genes (PAGs) is downregulated, while many other genes, designated as senescence-associated genes (SAGs), are upregulated during senescence. Detailed studies on the SAG identities and their expression suggest a complex regulation of leaf senescence (Hensel et al., 1993; Buchanan-Wollaston, 1997; Gan and Amasino, 1997; Nam, 1997; Gan, 2003) . In Arabidopsis the age of individual leaves plays a prominent role in determining leaf longevity (Hensel et al., 1993; Oh et al., 1997; Nooden and Penney, 2001; Jing et al., 2002) , although floral initiation can influence plant longevity and thus whole-plant senescence (Levey and Wingler, 2005) . Lim et al. (2003) have suggested that a distinction should be made between the terms senescence and ageing: senescence refers to the process that leads to the death of the leaf, while ageing itself occurs throughout development, from the initiation of a leaf primordium to senescence and death. Thus ageing determines when senescence starts, but not senescence itself. During ageing, age-related changes (ARCs) occur as a result of the differential regulation of developmental processes. Before senescence can be initiated, certain ARCs must have taken place in the leaf. An example of a process dependent on ARCs in Arabidopsis is agerelated resistance (ARR) (Kus et al., 2002) . The authors showed that plants become more resistant to Pseudonomas syringae as they age. It was suggested that the ability to accumulate SA is necessary for the ARR response and that SA may act as a signal for the production of the ARR-associated antimicrobial compound(s) and/or it may possess direct antibacterial activity against P. syringae. Examples of ARCs in other model-organisms are body movement and pharyngeal pumping in Caenorhabditis elegans (Huang et al., 2004) or accumulation of oxygen free radicals, protein conformational changes, and decline in chaperone functions in the brain of Homo sapiens (Drachman, 1997) .
The components that control ARCs and thus ageing in plants are still unclear. One of the parameters for ageing is the photosynthetic capacity of the leaf. From the time of full leaf expansion, CO 2 fixation rates drop and the senescence program is initiated (Thomas and Howarth, 2000) , which indicates that metabolic flux shift may serve as a general signal for the induction of leaf senescence as implicated by the ore4 mutation (Woo et al., 2002) . During plant growth light dosage has an effect on ageing; high light intensity results in premature senescence when compared with growth under standard light intensities, while low light intensities delay the senescence process (Nooden et al., 1996) . Many other stress-inducing conditions such as drought, darkness, ozone, and pathogen attack can hasten leaf senescence as well (Lim and Nam, 2005) . Plant hormones, cytokinin and ethylene being the most conspicuous, are another group of plant endogenous components that play important roles in the regulation of the onset of senescence. While increasing cytokinin production could delay leaf senescence (Gan and Amasino, 1995; Ori et al., 1999) , reducing endogenous cytokinin levels resulted in accelerated senescence (Masferrer et al., 2002) . Recently, exciting advances have been achieved in dissecting the components involved in cytokinin signaling (Hutchison and Kieber, 2002; Hwang et al., 2002) . Among the genes characterized, the receptor CKI1 and the response regulator ARR2 appear to be involved in regulating leaf senescence (Hwang and Sheen, 2001 ).
The plant hormone ethylene has long been seen as a key hormone in regulating the onset of leaf senescence. Zacarias and Reid (1990) reported that ethylene does promote senescence, but it is not an essential compound for the senescence syndrome induced by other factors (e.g. ABA). The role of ethylene in senescence has been demonstrated by several studies. Both ethylene-insensitive mutants etr1-1 and ein2 show increased leaf longevities (Grbić and Bleecker, 1995; Oh et al., 1997) and antisense suppression of the tomato ACC oxidase resulted in delayed leaf senescence (John et al., 1995) . In these cases, however, senescence eventually begins and progresses normally. Exogenously applied ethylene induces premature leaf senescence in Arabidopsis. However, constitutive application of ethylene does not change the longevity of the leaves. Both ctr1 mutants and Arabidopsis plants grown in the continuous presence of exogenous ethylene did not show premature senescence (Kieber et al., 1993; Grbić and Bleecker, 1995) . Thus, ethylene is neither necessary nor sufficient for the occurrence of senescence. These studies suggest that ethylene does not directly regulate the onset of leaf senescence. It acts to modulate the timing of leaf senescence. Only when developmental changes controlled by leaf age are present can ethylene induce senescence (Hensel et al., 1993; Grbić and Bleecker, 1995; Jing et al., 2002) .
In the present study, advantage was taken of natural variation among Arabidopsis accessions and the availability of Arabidopsis onset of leaf death (old) mutants to examine genetic loci that are involved in ethylene-induced senescence. The combined physiological and genetic studies used here showed that Arabidopsis accessions exhibited common and discrete senescence responses to exogenous ethylene. It was observed that ethylene displayed a dual function, both as an inducer and a repressor, in the induction of leaf senescence and that such a role of ethylene was differentially modulated by multiple genetic loci. These results lay out a basis for further molecular dissection of genes that regulate ethylene-induced leaf senescence.
Results

Physiological and molecular markers of leaf senescence correlate with visible yellowing
The effect of ethylene on age-dependent leaf senescence was determined for Ler-0.
Ler-0 was grown for 11, 21, or 27 d after germination (DAG) and subsequently treated with ethylene for 3 d. The senescence syndrome was studied using morphological, physiological, and molecular markers (Figure 1 ). Plants grown for 14, 24, or 30 d in air did not show any signs of visible yellowing, even though in the cotyledons the chlorophyll content had decreased approximately 2-fold over time (Jing et al., 2002) . Plants grown for 11 d in air and subsequently for 3 d in air supplemented with ethylene (11+3) did not show any signs of senescence either.
However, those treated for 21+3 and 27+3 showed signs of visible yellowing.
Concomitant with the visible yellowing, the chlorophyll content of the plants was decreased after the 21+3 and the 27+3 treatments ( Figure 1B) . The results are in agreement with previous studies, demonstrating that ethylene-induced senescence is dependent on leaf age (Grbić and Bleecker, 1995; Jing et al., 2002) .
Thus the effect of ethylene on inducing visible yellowing correlated well with changes in chlorophyll content and in the SAG mRNA levels. The senescence syndrome continued being examined by using visible yellowing as a parameter.
Arabidopsis accessions exhibited similar and discrete responses to the induction of senescence by different ethylene exposure times
The effect of ethylene exposure time on leaf senescence was assessed in the These results are consistent with the phenotype of the ctr1-1 mutant, which does not show early leaf senescence and the observation that continuous ethylene exposure does not promote early senescence in Ler-0 (Kieber et al., 1993) . There were also differences in ethylene-induced senescence among the three accessions. Ws-0 plants exhibited the highest amount of yellow leaves. Ler-0, furthermore, had a more pronounced senescence response than Col-0. Thus, the number of yellow leaves that can be induced by ethylene is dependent on the genetic background and the length of the ethylene treatment.
Prolonged ethylene treatments inhibited cell expansion but stimulated plant development, as judged by leaf emergence. The average total leaf numbers in plants with various ethylene treatments were compared and the results showed that plants that experienced a longer ethylene exposure time had more leaves ( Table 1) . The increase in leaf number did not seem to correlate with the number of senescing leaves, Col-0 had more leaves than Ws-0 and Ler-0, but exhibited less visible yellowing. Thus, the effect of ethylene exposure time on leaf senescence is different from its effects on the inhibition of cell elongation and promotion of development. 
Arabidopsis old mutants reveal multiple genetic loci involved in the regulation of ethylene-induced leaf senescence
As shown above, the genotype has an effect on the senescence response to ethylene. To address the genetic regulation of ethylene-induced leaf senescence further, use was made of previously isolated old mutants (Jing et al., 2002) . The mutants were identified from an EMS mutagenized population of Ler-0 seeds and show an early senescence phenotype before and/or after ethylene treatment (Fig. 4) .
The old mutants were selected and subgrouped into three different classes. The selected Class I mutants comprises the formerly described mutant old1 (Jing et al., 2002 ) and the mutants old5 and old14. The mutants have early leaf senescence symptoms in air (compare Fig. 4A to C and E) and those symptoms are further enhanced by ethylene treatment (Fig. 4B, D, F) . (Fig. 4G, H, I ). In old13, ethylene-induced yellowing was associated with lesion formation. The old12 mutant (Fig. 4J ) and the previously described old3 mutant (Jing et al., 2002) belong to the third class of mutants and have advanced senescence symptoms in air that cannot be further induced by ethylene treatment.
The old12 mutant not only displayed early senescence symptoms but also differed from the wild type in size, exemplified by reduced leaf expansion, shorter shoot length, and the formation of thicker siliques (data not shown). Genetic analyses showed that the characterized old alleles segregated as single monogenic recessive traits except old9 and old11, which segregated as conditional (ethylene-dependent) co-dominant traits (Table 2) . Allelism tests between mutants within each class revealed that they belong to different complementation groups (data not shown). Genetic mapping placed the old12 and old9 mutant alleles on chromosome 2 at ~7 Mb and ~17 Mb, respectively; old14 on chromosome 3 at ~15
Mb; and old11, old5, and old13 on chromosome 5 at ~8 Mb, ~20 Mb, and ~23 Mb, respectively. The authors are not aware of mutants with similar phenotypes in the vicinity of these mapped regions.
The response of the selected old mutants to several plant hormones and sugar was tested by germination assays. Since ethylene was used as the senescence inducer, the sensitivity of the mutants to ACC was tested by a triple response assay (Table 3) .
Both old11 and old1 showed an extremely short hypocotyl. All other old mutants showed a wild-type response to ACC. Germination on glucose plates (Arenas- Huertero et al., 2000) showed that old12 and old1 are hypersensitive to glucose, moreover germination was completely inhibited by 4% glucose (data not shown). * The average hypocotyl length after 5 days of growth on 10 µM ACC is compared. For each data point at least 40 seedlings were used.
The glucose phenotype was independent of osmolarity since all mutants developed like the wild type on mannitol. The response of the old mutants to ABA and jasmonic acid was not different from the wild type (data not shown).
Thus, the selected old mutants show various senescence phenotypes that are caused by defects in independent genetic loci.
old mutants and ctr1-1 have altered responses to varying ethylene-exposure lengths
The old mutants and ctr1-1 were exposed to ethylene for 3-16 d. Figure 5 shows that all the old mutants responded to the ethylene treatment in a different way than Ler-0.
The old1 and old11 mutants showed an enhanced response to long ethylene treatments: a maximum number of visible yellowing leaves occurred after the 18+6 treatment, instead of the 12+12 treatment in the Ler-0 plants. A further increase in the length of ethylene treatment resulted in a reduced number of yellow leaves.
Remarkably, old1 had fewer yellow leaves than Ler-0 after the 12+12 treatment and so could be considered a delayed senescence mutant after long ethylene treatments.
These data are consistent with the observation that old1 and old11 are hypersensitive to ethylene in the triple response. A similar number of yellow leaves, regardless of the length of the ethylene treatment, was observed in the old3, old9, old12, and old14 mutants. The average total leaf numbers of the mutants after various ethylene treatments were compared and the results showed that the old1, old14, and old11 mutants responded differently to the ethylene treatments than the wild type (Table 1) . In contrast to the wild type, these mutants did not show an increase in the rate of development, as judged by the emergence of new leaves. Nevertheless, in cases where the total number of leaves of the mutants was less than the wild type, the number of yellow leaves was higher. The one exception is the old1 mutant, where after the 12+12 treatment, a reduced number of total leaves correlated with a reduced number of yellow leaves. The results suggest that it is unlikely that the differences observed in the senescence response are caused by different growth and developmental rates between the mutants and the wild type. Taken together, two mutants (old1 and old11) became desensitized and showed fewer senescence symptoms upon extended long ethylene exposure, while the other six mutants show a similar response for every ethylene treatment.
Compared with the wild-type Col-0 plants, the ctr1-1 mutant showed much lower numbers of yellow leaves in all the treatments tested, indicating that constitutively activating the ethylene signaling pathway through knockingout CTR1 has a pronounced effect in inhibiting the onset of leaf senescence. Interestingly, ethylene treatment did cause some leaf yellowing that was not observed in mutants that were not exposed to ethylene. Remarkably, the induction of leaf yellowing followed a similar response as the wild-type accessions: an increase in ethylene exposure time resulted in an increase in leaf yellowing up to 12 d of ethylene treatments. A further increase to 16 d caused a reduction in the number of yellow leaves.
Discussion
The effect of ethylene on the induction of leaf senescence was shown to be under the direct influence of age (Hensel et al., 1993; Grbić and Bleecker, 1995; Jing et al., 2002) . The data presented here confirm these results as senescence was not Besides the common response of the accessions to ethylene, natural variation was present and the Ws accession showed the strongest senescence symptoms after the ethylene treatments. These results confirm a previous study on natural variation in the regulation of leaf senescence by Levey and Wingler (2005) . Natural variation has been observed for a variety of life history traits in Arabidopsis including the control of flowering time (Koornneef et al., 1998) , disease resistance and tolerance (Kover and Schaal, 2002) , and the control of cytosine methylation in the nucleolus organizer regions (Riddle and Richards, 2002) . Remarkably, ethylene treatment of ctr1-1 resulted in a senescence response that was similar to that of the three wild-type accessions. The ctr1-1 mutant exhibits continuous activation of the ethylene signaling pathway and has a wild-type timing of senescence under standard growth conditions (Hensel et al., 1993) . It was found here that, by applying exogenous ethylene, early senescence can be induced. Although ctr1-1 loss-of-function mutants display a severe ethylene phenotype, these mutants remain ethylene responsive (Larsen and Chang, 2001) . Quadruple loss-of-function mutants in the ethylene receptor family have a more severe phenotype than ctr1-1 (Hua and Meyerowitz, 1998) , suggesting that an alternative mechanism bypassing CTR1 in ethylene signaling exists in
Arabidopsis (Cancel and Larsen, 2002) . Since endogenous ethylene levels in ctr1-1 mutants are equal or even lower than in wild-type plants (Ecker and Kieber, 1994 ) the observed senescence may be a direct cause of the applied exogenous ethylene which is signaled through an alternative ethylene pathway. Although the amount of yellowing was reduced in the ctr1-1 mutants, the induction of senescence was agedependent and ethylene exposure-time dependent. This suggests that the effect of ethylene on ARCs is maintained in ctr1-1 mutants.
The results imply that ethylene stimulates ARCs in an ethylene treatment-duration dependent way. However, the relation between treatment length and induction of ARCs is not linear and there is an optimum treatment length that causes the strongest senescence response.
Previously, several old mutants were isolated that show an altered senescence phenotype before and/or after ethylene treatment (Jing et al., 2002 
Methods
Plant material and growth conditions
Arabidopsis accessions Landsberg erecta (Ler-0), Columbia (Col-0), and Wassilewskija (Ws-0) were used in this study. Plants were grown in a growth chamber at 21 °C and 65% relative humidity with a day length of 16 h. The light intensity was set at 120 µmol cm -2 s -1
. An organic-rich soil (TULIP PROFI No.4, BOGRO B.V., Hardenberg, The Netherlands) was used for the experiments described in Fig. 1 . For the other experiments a γ-ray irradiated soil was used (Hortimea Groep, Elst, The Netherlands).
Plants for ethylene exposure were treated in a flow-through chamber at 20 °C and a humidity of 40% under continuous illumination. The ethylene dosage was set at 10 µl l -1 since it has been shown that a dose ranging from 1-100 µl l -1 was sufficient to generate similar effects on several ethylene responses, including leaf yellowing (Chen and Bleecker, 1995; H-C Jing, unpublished data) .
For germination studies, seeds were surface-sterilized by soaking in 20% bleach for 5 min after which they were washed twice with sterile water. The sterilized seeds were plated on Murashige and Skoog medium containing 0.8% agar. The plates were stored at 4 °C for 4 d after which they were transferred to a growth chamber at 21 °C and 16 h of light. For the triple-response assay 10 µM filter-sterilized ACC was added to the plates. Seedlings were allowed to grow for 5 d in the dark before analysis.
Genetic analysis of the old mutants
Generation of M 1 and M 2 seeds and mutant screening were done as described by Jing et al. (2002) . In this study, eight old mutants with early leaf senescence phenotypes were selected. Since the mutants were isolated from the Ler-0 background, they were crossed to Col-0 plants for mapping. At least 100 F 2 plants with an early senescence phenotype were selected for DNA isolation using the SHORTY quick preparation method (http://www.hos.ufl.edu/meteng/Hanson Webpagecontents/NucleicAcidIsolation.html#Arabidopsis%20Genomic%20DNA).
The linkage analysis was performed by using a subset of simple sequence length polymorphism markers, making use of the Monsanto database (Jander et al., 2002) .
Both old9 and old11 are co-dominant traits and there was some overlap between the wild type and the heterozygous phenotypes of the mutants. In the F 2 populations of these two mutants backcrossed to wild type, sometimes a wild-type plant was found that had one yellow true leaf and occasionally a heterozygous mutant was found without any yellow true leaves following a 3 d ethylene treatment of 21-d-old plants.
Thus, for the segregation analysis of old9 and old11, any plant with at least one yellow true leaf was counted as a mutant. Plants with up to two yellow cotyledons were counted as wild types.
Observation of visible yellowing, chlorophyll content measurement, and northern blot analyses
Cotyledons or rosette leaves with over 5% yellow area of the leaf blade were judged as yellow as suggested by Lohman et al. (1994) . However, in this study's experiments, yellowing could be initiated at the leaf tips, at the petiole side of the leaf, or in the middle of the leaf blade, which did not always resemble the wild-type developmental yellowing pattern of leaf senescence.
Chlorophyll was extracted in 80% (v/v) acetone overnight at 4 °C in darkness and quantified spectrophotometrically using the method of Inskeep and Bloom (1985) .
The RNA extraction and northern blot analyses was done as reported before by Jing et al. (2002) . DNA from the following genes was used for the hybridization; SAG12 (AT5G45890), SAG13 (AT2G29350), and SAG14 (AT5G20230) as described by Lohman et al. (1994) . CAB gene expression was measured as described by Leutwiler et al. (1986) .
